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The response of magnetic vortex cores to sub-ns in-plane magnetic field pulses was studied by
time-resolved X-ray microscopy. Vortex core reversal was observed and the switching events were
located in space and time. This revealed a mechanism of coherent excitation by the leading and
trailing edges of the pulse, lowering the field amplitude required for switching. The mechanism was
confirmed by micromagnetic simulations and can be understood in terms of gyration around the
vortex equilibrium positions, displaced by the applied field.
PACS numbers: 75.40.Gb,75.60.Jk,75.75.+a
The magnetic vortex is a typical ground state configu-
ration of micron and sub-micron sized ferromagnetic thin
film structures [1]. It minimizes the stray field energy
by forming an in-plane curling magnetization. In or-
der to avoid a singularity in the center of the structure,
the magnetization turns out-of-plane, forming the vor-
tex core which can point either up (vortex polarization
p = +1) or down (p = −1). This configuration is very
stable; static out-of-plane magnetic fields of about 0.5
Tesla are required to switch the core polarization [2]. The
vortex also has a specific excitation mode, the so-called
gyrotropic mode, which can be excited by an oscillating
in-plane magnetic field [3, 4]. It corresponds to a circular
motion of the vortex around its equilibrium position.
Recently, it was discovered that switching the polar-
ization of the vortex core is not only possible by static
fields, but also by excitation of the gyration mode [5].
In this case, only field strengths of a few millitesla are
needed. Micromagnetic modeling of these experiments
revealed that the vortex switching occurs by the creation
and subsequent annihilation of a vortex-antivortex pair
[5]. This discovery has triggered a variety of studies on
vortex core switching by various excitation methods. In
particular, it was found by micromagnetic simulations
that the polarization may also be switched by very short
in-plane magnetic field pulses. It was shown that switch-
ing times as short as 40 ps are possible [6]. Except for a
brief report on switching events observed with 2 ns long
spin polarized currents pulses [7], the possibilities of such
excitations have not been explored experimentally so far.
In this work, we have experimentally investigated vor-
tex core switching by in-plane magnetic field pulses, us-
ing time resolved magnetic X-ray microscopy. By tak-
ing advantage of the pulsed nature of synchrotron light,
stroboscopic imaging was set-up at Scanning Transmis-
sion X-ray Microscopes (STXM) [8] at beamline 11.0.2 of
the Advanced Light Source and 10ID-1 of the Canadian
Light Source. Using the X-ray Magnetic Circular Dichro-
ism (XMCD) [9] as a contrast mechanism, magnetization
dynamics could be studied with 25 nm spatial and 70 ps
temporal resolution.
The samples studied in this work are 500 nm× 500 nm
and 1µm× 1µm square-shaped magnetic Permalloy
(Ni80Fe20) elements with a thickness of 50 nm. These
structures are defined on top of a 2.5µm wide, 150 nm
thick Cu stripline, using e-beam lithography, thermal
evaporation and lift-off processes.
A fast digital pulse generator, synchronized with the
synchrotron light flashes was used to send rectangular
current pulses across the stripline, which generates in-
plane magnetic field pulses. The amplitude and length of
the pulses was accurately controlled and the rise and fall
time were about 180 ps. The field strengths are calculated
from the currents and have an estimated systematic error
of about 15%. The structure was pumped with repetition
frequencies between 20 and 40 MHz for billions of times
in order to record one series of time resolved images.
In this way, we studied the response of the vortex core
to magnetic field pulses with a length of 700 ps. Below
a field strength of about 12 mT the vortex is observed
to be displaced by the pulse and excited into a slowly
damped gyrotropic motion (see row (b) in Fig. 1 and
Movie 1 of the supplementary material [17]). For higher
field strengths, a second vortex of opposite polarity ap-
pears. Both vortices gyrate with opposite directions (see
row (c) of Fig. 1 and Movie 2 of the supplementary ma-
terial). This behavior can be explained by the nature
of our stroboscopic technique: If the amplitude is suffi-
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2ciently strong to switch the vortex core with each pulse,
we expect to record a superposition of both the up and
the down vortex responses in each image. This is illus-
trated in row (d) of Fig. 1 and Movie 2 , where simula-
tions [18] of the out of plane magnetization of these two
events were added and convoluted with the experimental
resolution [19].
In these superimposed images, we observe that the vor-
tex core is accelerated by the leading edge of the magnetic
field pulse and moves smoothly away from the center of
the element during the first 750 ps of the pulse. At a delay
of 1 ns (just after the trailing edge of the pulse), multi-
ple small contributions to the magnetic contrast can be
seen. Looking at the corresponding simulations in Fig. 1
row (d), this can be explained by two reasons: First,
the vortex-antivortex formation associated with the core
reversal leads to additional magnetic contrast. Second,
the two images of the vortex core nearly overlap, hence
the magnetic contrast cancels partially. The asymmet-
ric contrast in the experiment can be explained by small
asymmetries between the up and down states of the vor-
tex core [10, 11]. After 1.5 ns, the two images of the
vortex can be seen in an undisturbed, damped gyration.
Assuming that the vortex switching occurs after the end
of the excitation pulse (frame 5 in Fig. 1), the trajectories
of both vortex states with their switching events (up-to-
down and down-to-up) were separated and compared to
the simulations shown in Fig. 2. The remarkable agree-
ment between simulation and experiment, especially the
position of the switching and the drop of gyration am-
plitude following the switching clearly support the initial
assumption that the switching occurs at the end of the
excitation pulse.
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FIG. 1: The out-of-plane magnetization of the center section of 500 nm large, square permalloy element excited by in-plane
field pulses (shown in row (a)) with a length of 700 ps is displayed in time steps of 250 ps. Row (b) and (c) show experimental
measurements of the reaction of the vortex core excited at 9.5 and 12.6 mT, respectively. For comparison with row (c), row
(d) depicts the superposition of the simulated out-of-plane magnetization of vortex core up-down and down-up switching,
convoluted with the experimental resolution.
In the experiment on the 500 nm sized elements, an
increase of the pulse length to 1300 ps or a decrease to
300 ps with the same amplitude (12.6 mT) suppresses the
switching, illustrating the importance of the pulse length
for core reversal.
To investigate this effect in more detail and to extend
the parameter space, micromagnetic simulations were
used. The resulting switching behavior as a function of
pulse length and height for 500 nm square elements is
shown in Fig. 3a. For field amplitudes above 22.5 mT,
the simulations show vortex core switching at the leading
edge of the pulse, as it was simulated for even shorter
pulses by by Hertel et al. [6]. However, a second region
is found where core switching occurs at amplitudes as
low as 12.25 mT, with a strong dependence on the pulse
length. Although it was not identified as such, a similar
region can be recognized in the simulations published by
Xiao et al. [12]. In this region, switching occurs just after
the trailing edge of the pulse as shown in Figs. 1 and 2.
We explain this pulse length dependence by the gyra-
tion of the vortex around its equilibrium position. In the
absence of an external field, this position is located at the
center of the element (P0). An applied in-plane field will
cause a shift of the equilibrium position to (PH), propor-
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FIG. 2: The left panels show separate plots of the trajecto-
ries of both the up and down vortex, as visible in the frames
of Fig. 1 row (c). The hatched area replaces the vortex po-
sition at the assumed switching time, where it could not be
accurately tracked. In comparison, the right panels show the
corresponding micromagnetic simulation using parameters de-
rived from the observed sample, under identical excitation,
with an arrow connecting the positions of the vortex before
and after switching.
tional to the field strength. Assuming a constant gyration
frequency, the vortex velocity is proportional to the dis-
tance from the equilibrium position. When a rectangular
in-plane magnetic field pulse is applied, the vortex starts
to gyrate around PH during the pulse. After the pulse, it
gyrates around P0 and the velocity reached in this pro-
cess is given by its distance to P0. Idealy, the vortex,
gyrating around PH , is at a position opposite to P0 at
the trailing edge, so that the amplitude of gyration and
thus the vortex speed will nearly be doubled (see Fig. 3
panel e). This defines a coherence condition as shown
in Fig. 3a, where the critical velocity for core switching
[13, 14] can be reached most easily. This condition is also
fulfilled for longer pulses, which end when the vortex is
in a similar position after multiple revolutions. As the
gyration radius decreases due to damping, the threshold
amplitude increases slightly for these longer pulses.
By the same argument, a pulse ending when the vor-
tex is close to P0 only causes a small-amplitude gyration
and the vortex motion is effectively quenched (see Fig. 3
panel d). This effect was also observed directly in our
time resolved imaging (see Movie 3 in the supplementary
online material).
From our simple analysis, we can derive several prop-
erties for this coherent switching scheme: First, the op-
timum pulse length scales inversely with the gyrotropic
resonance frequency of the element, and is thus propor-
tional to the lateral size of the structures for identical
thickness [15]. The only requirement on rise- and fall
24
22
20
18
16
14
12
10







	










30002500200015001000500
 
 
II
I
II
I
III III
6543210
Vortex Switchesa
30
25
20
15
10
5
0







	










43210
 
 

 1 um Element
 
 Switching
 No Switching
b
30
25
20
15
10
5
0
2.01.51.00.50.0
 
 

 500 nm Element
 
 Switching
 No Switching
c
d
e
P0 PH
P0 PH
FIG. 3: Panel a): Diagram of simulated core switching events
vs. pulse length and strength for 500 nm structures. There
are 3 prominent regions marked: I (red): Switching occurring
after the trailing edge of the pulse. II (green): Pulse length
independent switching at the leading edge of the pulse. III
(blue): Leading edge switching followed by additional switch-
ing at the trailing edge of the pulse. Panels b) and c): Exper-
imental results for 1µm (b) and 500 nm (c) elements respec-
tively. The solid dots indicate the parameter combinations
where the vortex core is switching, the rings where it is not
switching. Panels d) and e) illustrate the vortex core mo-
tion during (green) and after (brown) the pulse around the
respective gyration centers PF and P0.
times is that they need to be small compared to the re-
spective gyration period. This is confirmed by our simu-
lations: Only little difference is found for values between
5 ps and 300 ps for 500 nm elements. As the losses by
damping are limited during the short time before switch-
ing, the damping parameter α does not have a significant
influence on the threshold amplitudes in the first region:
the simulations show less than a 20% change in switch-
ing thresholds for α between 0.005 and 0.05. As can be
expected, this mechanism does not depend on the ex-
act sample shape. It was confirmed by simulations that
disk-shaped samples behave completely analogous.
Experimentally, we confirmed this coherent switching
process by a systematic study of several different 500 nm
elements and one 1µm square shaped element with a
thickness of 50 nm. The results are shown in the Fig. 3b
and 3c. For the 500 nm elements, the first region was
found at pulse lengths between 700 and 900 ps, with a
threshold between 9.5 and 12.6 mT. This is in perfect
4agreement with the simulations in Fig 3a, which predict
850 ps and an amplitude of 12.4 mT. For the 1µm el-
ement, the experiment yields an optimum pulse length
between 1.5 and 1.8 ns, compared to 1.6 ns in the simu-
lations. However, in the experiment the minimum pulse
amplitude is about 4.6 mT, which is 35% lower than what
the simulations predict. The asymmetry of the coherent
region in the experiment could be attributed to sample
heating, which increases with longer pulses. For pulse
lengths below 500 ps, experimental limitations prevented
a detailed investigation.
Evaluating the initial vortex core speed for excitations
just below the switching threshold allows to set a lower
bound on the critical velocity of the vortex core. For both
the 500 nm and 1µm elements, a value of 250(±25) m/s
was found, which is in agreement with the theoretical
models [13, 14].
In conclusion, time-resolved X-ray microscopy was
used to temporally and spatially locate the vortex core
switching event triggered by fast monopolar magnetic
field pulses. A switching mechanism was found that is
based on the coherent excitation of the vortex using both
the leading and trailing edge of the pulse. The pulse
amplitude and length dependence was investigated by
micromagnetic simulations and experimentally verified.
Our analysis shows that the parameters for switching by
coherent pulsed excitation do not depend on the details
of the complex interaction of a vortex with a time vary-
ing magnetic field, but can be derived from only three
basic properties of a vortex: The critical velocity, the
gyrotropic resonance frequency, and displacement of the
vortex structure under static external fields. Replacing
the latter by the displacement for spin transfer torque,
these results can be easily applied to excitation by short
spin-polarized current pulses. They can also be extended
to other schemes using short rectangular pulses, such as
bipolar pulses or pulse sequences applied in different di-
rections, by adding up the respective gyration arcs for
each pulse segment.
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